Corrective responses to external perturbations are sensitive to the behavioral task being 49 performed. It is believed that primary motor cortex (M1) forms part of a transcortical pathway 50 that contributes to this sensitivity. Previous work has identified two distinct phases in the 51 perturbation response of M1 neurons, an initial response starting ~20ms after perturbation onset 52 that does not depend on the intended motor action, and a task-dependent response that begins 53 ~40ms after perturbation onset. However, this invariant initial response may reflect ongoing 54 postural control or a task-independent response to the perturbation. The present study tested 55 these two possibilities by examining if being engaged in ongoing postural task prior to 56 perturbation onset modulated the initial perturbation response in M1. Specifically, mechanical 57 perturbations were applied to the shoulder and/or elbow while the monkey maintained its hand at 58 a central target, or when it was watching a movie and not required to respond to the perturbation. 59
Flexible feedback processing in motor cortex
Introduction 69 A corrective response to someone bumping our arm can vary from a minimal reaction if 70 our arm is just resting on a table to a rapid and precise correction if we are holding a cup of 71 coffee. The influence of behavioral context on such corrective responses has been studied 72 extensively in human subjects (for recent reviews, see Pruszynski and Scott 2012; and Shemmel 73 et al. 2010 ). Briefly, the earliest muscle activity called the short-latency stretch response (R1: 74 ~20-50ms), is generated via a spinal circuit, and is generally not influenced by behavioral 75 context. In contrast, the long-latency stretch response (R2/R3: ~50-100ms), which includes 76 supra-spinal contributions, is highly sensitive to a wide range of behavioral contexts. 77
Despite the wealth of knowledge on how behavioral context can influence long-latency 78 responses, far less is known regarding the neural substrates underlying such task-dependent 79 changes. Phillips (1969) suggested that primary motor cortex (M1) forms part of a transcortical 80 pathway that contributes to the long-latency responses, and that its gain can be altered based on 81 the behavioral task. Indeed, several studies have demonstrated that neural activity in monkey M1 82 quickly responds to mechanical perturbations and that the timing of this response is consistent 83 with it contributing to the long-latency stretch response of the muscles (Cheney and Fetz 1984; Of particular note is the seminal work of Evarts and Tanji (1976) in which monkeys were 89 trained to rapidly push or pull a handle following a mechanical perturbation that either pushed or 90 pulled the limb, and thus assisted or resisted the instructed action. They found that the initial 91 response (20-40ms following perturbation onset) was tightly coupled to the applied perturbation, 92 but that the later response at ~50ms clearly reflected the instructed motor action. Pruszynski and 93 colleagues (2014) recently found a similar pattern of responses in MI when monkeys responded 94 to mechanical perturbations by quickly placing their hand into visually defined spatial targets: a 95 relatively invariant initial response followed by a modulated (i.e. task-dependent) later response 96 (See also, Conrad et al. 1974; Wolpaw 1980 a,b ). 97
This invariant initial response may reflect a task-independent somatosensory signal 98 transmitted to M1 neurons. It is well known that M1 responds to a range of different sensory 99 Therefore, we lowered the perturbation magnitude for these two pairs to compensate for this 156 effect (0.04Nm less than other load conditions). The monkeys were trained to bring their hands 157 back to the target window within 750ms and maintain it there for 1000ms to be rewarded with 158 water ( Figure 1B) . The 9 load conditions were presented randomly in each block and the 159 monkeys were required to complete 10 blocks in each set.
In the movie task, monkeys were not required to do anything in response to the 161 perturbation. All task-related visual feedback (i.e. target position and hand position) was 162 replaced by a movie and the monkeys were trained to quietly watch the movie. At the beginning 163 of each trial, the robot moved the hand to the central target. Following a random time (between 164 1000-1500ms), the hand was perturbed using the same 9 load combinations as in the posture task 165 ( Figure 1C ). The monkeys were rewarded regardless of their response to the perturbation. 166
Our standard approach was to use a fixed order of tasks: first the posture task, then the 167 movie task, followed by a repeat of the posture task. For cells isolated near the end of the 168 recording session, a reduced version of the experiment was performed. In this case, the posture 169 and movie tasks were performed once, in a random order. 170
Hand motion following the perturbation was used to determine how much the monkeys 171 changed their behavior between the posture and movie tasks. However, this hand motion reflects 172 both active (e.g. voluntary response to perturbation) and passive (e.g. viscoelastic forces of the 173 limb & inertia) mechanisms opposing limb motion. In order to estimate the contribution of the 174 passive mechanical properties of the arm, we compared hand motion in each task with a task in 175 which the monkey was anesthetized. For this control, monkey P was anesthetized using 176 Ketamine (2 mg/kg) and Medetomidine (0.05 mg/kg) and identical perturbations as in the main 177 tasks were applied to the limb. Electromyographic (EMG) recordings of shoulder and elbow 178 muscles were monitored for any reflexive or voluntary muscle activity. Anesthetization was 179 performed on monkey A as well. However, due to its size, we were not able to maintain its 180 posture upright in the chair, so the arm motion was skewed and therefore the data were not 181 usable. Such measures were not performed on monkey X due to complications. 182
Data collection 183
After training, we recorded neural data from shoulder/elbow regions of M1 using 184 standard extracellular recording techniques (Herter et al. 2007 ). The recording area included the 185 bank of M1 to ~3mm rostral to the bank. Microelectrodes were advanced through M1 until 186 neural activity was observed in response to active or passive movements of the shoulder and/or 187 elbow (but not the wrist and/or fingers). Single neurons were then isolated and neural activity 188 was recorded in the behavioral tasks. In some sessions, the recording location was verified using 189 microstimulation, eliciting movement or muscle twitches in shoulder and/or elbow muscles (< 190 30µA, Stoney et al. 1968). 191 Electromyographic (EMG) activity of shoulder and elbow flexor and extensor muscles 192 was recorded using standard percutaneous EMG techniques (Kurtzer et al 2006) . EMG was 193 obtained from pairs of single-strand wires that were percutaneously inserted within the muscle 194 belly approximately 5mm apart (see Table 1 for a list of recorded muscles). Electrode placement 195 was verified using microstimulation (stimulations < 2mA), ensuring that a contraction was 196 isolated within the target muscle. We aimed to record from 3 to 6 muscles in each EMG session. 197
Given the time consuming nature of electrode placement, EMG and neural recordings were 198 performed in separate sessions. There were a few differences between the EMG and neural 199 recording sessions. First, a variant of the posture task (Normalization task) was added in the 200 EMG session, in which the perturbation lasted for 3000ms instead of 300ms. In addition, each 201 task was repeated at least twice (i.e. 20 trials for each load combination) to have a better estimate 202 of the muscle responses to the perturbations. 203
All the neural, EMG and kinematic data were recorded using a Plexon data acquisition 204 system (Plexon Inc, Dallas, USA). The neural data were sampled at 40kHz and the kinematic and 205 EMG data were sampled at 1kHz. The neural data were sorted online for single units and further 206 examined using the Plexon offline sorter. Kinematic data (joint angles, velocities, and torques 207 applied by the robot) were down sampled at 200Hz to reduce the size of each session's data file. 208
Cartesian hand positions and tangential hand velocity were calculated using joint angles, limb 209 length and velocities. 210
Data analyses
211 M1 NEURONS. Spike times were extracted from the Plexon files into Matlab (Mathworks, 212 Natick, USA). Spike density functions were then generated by convolving each spike time-stamp 213 with an asymmetric double-exponential kernel, that roughly mimicked a postsynaptic potential 214 (1ms rise-and 20ms fall-time, Thompson et al. 1996) . Using such asymmetric spike density 215 functions to smooth the data, rather than a Gaussian filter for instance, yields onset times without 216 backward biasing. Each trial was aligned based on the perturbation onset and each neuron's rapid 217 response to the transient load was evaluated (mean cell activity 50-100ms following the 218 perturbation). 219
The load combination with the largest response was selected as the neuron's preferred-220 torque combination (PTC). If the response was only inhibited by the perturbation, then the 221 largest negative response was selected as the neuron's PTC. The neuron's activity in its PTC 222 (mean cell activity 50-100ms following the perturbation) was compared to cell activity in the 223 catch trial (no perturbation) using an independent sample t-test. The cell was classified as 224 "perturbation responsive" if the comparison was significant (p<0.05). The cell's response to its 225 preferred combination of shoulder and elbow perturbations was then compared across tasks 226 (independent sample t-test) to determine how many cells showed a significant change in activity 227 across tasks. We also determined if baseline activity (mean cell activity 100ms prior to the 228 perturbation across all load conditions) was comparable across tasks for each cell (independent 229 sample t-test). Mean population activity for each task was calculated by averaging the activity 230 across cells. All cells with a significant perturbation response were included in the population 231 signal. 232
The PTC selected in the posture task might not necessarily be identical to that of the 233 movie task, as changing the task could also change the cell's sensitivity to the load combinations. 234
In that case, modulation of the cell's response across tasks in the preferred load combination 235 extracted in the posture task would simply be an epiphenomenon of a rotating PTC. To address 236 this possibility, we correlated the cell response in all different load combinations and magnitudes 237 (F-test, p<0.05), coefficients related to each variable (i.e. the shoulder (Sho) and elbow (Elb)) 245 were used to calculate the preferred-torque direction (PTD). A cell that does not respond to the 246 perturbation or has an equal response in all directions would not have a significant planar fit. 247
The PTD was defined by the orientation of the plane in joint-torque space that denoted 248 the angle associated with the greatest increase in activity ( Figure 5B , see Herter et al. 2009 for 249 details). We then compared the PTDs extracted in each task to test whether different tasks changed the cell's sensitivity to load combinations. We only used the cells with significant 251 planar fits in both posture and movie tasks for this comparison. 252
Given the order the two tasks were presented, many cells had more than one set of each 253 task (e.g. two repeats of posture task). In these cells, one set was randomly chosen for analysis. 254
Nevertheless, in order to make sure presentation order did not affect the perturbation response 255 across tasks, we compared the neural activity across repeat sets of the same task. These repeated 256 blocks provide an important control to investigate the significance of the changes observed 257 across tasks (e.g. influence of change in the monkey's motivation through time). We investigated 258 whether the baseline activity and the perturbation responses changed across the repeated sets and 259 compared the magnitude of these changes to that across tasks. 260
We also examined the relationship between the cell's initial evoked response (cell's mean 261 response 20-35ms minus baseline) and its baseline activity across tasks. This was done to 262 investigate whether change in a cell's baseline activity can change its response to the perturbation 263 as well. For this analysis, we only used those cells that had significant perturbation responses 264 MUSCLE ACTIVITY. Throughout the recording session, each muscle was qualitatively scored 284 from 1 to 5 (based on recording quality, gain of the signal, signal-to-noise ratio, and whether the 285 muscle looked active in the task). Muscles that scored 3 and higher were included in our 286 analysis. EMG signals were band-pass filtered (10-150 Hz, two-pass, third-order Butterworth) 287 and full-wave rectified. Each trial was aligned based on the perturbation onset. Just like neurons, 288 the load combination with the largest response was selected as the muscle's preferred-torque 289 combination (PTC). 290
The EMG in each trial was then normalized to the mean muscle activity in the last 2 291 seconds of response in its PTC in the Normalization task. This period was chosen as the 292 monkeys resisted the load at the central target (i.e. isometric response), hence providing a steady 293 state assay of muscle tone against a defined load magnitude (see Pruszynski et al. 2008 for how 294 we normalize EMG data in human subjects). Thus, units for muscle activity reflect a muscle's 295 response ratio as compared to its steady state activity opposing the same load. Hence, a value of 296 1 means the muscle's response was equal to this steady state activity. 297
We then verified if each muscle's PTC matched its expected functional torque direction 298 (Kurtzer et al. 2005), to confirm proper electrode placement (e.g. whether the posterior deltoid 299 muscle responded to flexor or extensor loads). We removed any muscle with a PTC in the wrong 300 quadrant of the torque space (1 muscle sample removed). 301
We evaluated each muscle's response to the perturbation in its PTC across tasks. We would generate approximately 0.8Nm compared to 0.24-0.32Nm in the present study) and faster 312 load onset (3.2ms rise time versus 10ms sigmoid in the present study). 313 ACTIVITY ONSET. We were interested in determining the onset time of each cell/muscle's 314 response to the perturbation, and the time their activity differentiated across the posture and 315 movie tasks. For this purpose we found the first point when the activity passed a threshold that 316 was 3 times larger than the standard deviation of cell/muscle's baseline activity. Alternatively, 317
we determined the first point in time population responses across the two tasks became 318 significant (p<0.05, running paired sample t-test performed at 1ms intervals), and remained 319 significant for 20ms. 320
Neurons in M1 display a range of onset times following a perturbation (Herter et al., 321 2007). We were interested in identifying whether neurons recruited at different times showed 322 consistent timing differences from perturbation onset to task-dependent modulation. We 323 therefore, separated our cells into four groups based on their perturbation onset times (response 324 initiation between 15-30, 31-40, 41-50, 51-100ms) and quantified population signals for each 325 group. We then used a similar onset calculation technique for the average activity of each group 326 and compared the perturbation onset and task-dependent modulation for each group. 327
In order to estimate the variance in perturbation onset and task-modulation for each group 328 of cells, we used a bootstrap technique (Altman and Goodman 1994). For this analysis, we 329 resampled cells in each group 10000 times (with replacement) and calculated each measure for 330 every sampled group. 331
Results

332
Comparison of kinematics & muscle responses across tasks
333 KINEMATICS. In the posture task, mechanical perturbations applied to the upper limb 334 generated 2 to 4cm of hand motion, with larger motions generated following multi-joint loads 335 ( Figure 2A ). In response to the ShoExt+ ElbFlx perturbation ( Figure 2C ), shoulder and elbow 336 motion peaked at ~300ms just before the load was removed, and returned to the target at ~500ms 337 (hand distance from target 500ms post-perturbation: 0.9 ± 0.3cm [mean ± SD] for monkey P, 0.4 338 ± 0.1cm for monkey X and 0.8 ± 0.4cm for monkey A). In the movie task, perturbations generated patterns of hand motion that were initially similar to that observed in the posture task 340 ( Figure 2B ,C). However, the hand did not return to the spatial target when the load was removed 341 (hand distance from the target centre 500ms after perturbation: 2.8 ± 1.3cm for monkey P, 2.2 ± 342 1.1cm for monkey X and 3.0 ± 1.6cm for monkey A). Prior to the next trial, the hand was 343 successfully moved back in close proximity to the target centre by the robot (hand distance from 344 the centre of target prior to the next perturbation: 0.23 ± 0.51cm for monkey P, 0.36 ± 0.65cm 345 for monkey X and 0.38 ± 0.33cm for monkey A). 346
Hand distance from the target (at 500ms post-perturbation) was significantly smaller in 347 the posture task compared to the movie task in all load combinations and for all monkeys ( Figure  348 3; paired t-test, p < 0.001& t > 6 in all conditions, df = 84 for monkey P; p < 0.001 & t > 5.6 in 349 all conditions, df = 40 for monkey X; and p< 0.001 & t > 4 in all conditions except for elbow 350 extensor load p = 0.2 & t = 1.2, df = 32 for monkey A). On average, the hand distance from the 351 target was 75% smaller in the posture task as compared to the movie task (72% in monkey P, 352 82% in monkey X and 74% in monkey A). 353
Using ROC analysis, we identified that shoulder and elbow angles were similar across the 354 two tasks for the first 200ms and began to deviate around 225 and 245ms following the 355 perturbation, respectively ( Figure 2C ). Across all load conditions, we identified differences in 356 hand motion only after 100ms (ROC deviating from the baseline levels at 231± 93ms [mean ± 357 SD] in monkey P, 123 ± 53ms in monkey X, and 129 ± 62ms in monkey A). Changes in the 358 kinematics of the limb can also be observed in the 95% confidence interval ellipses of hand 359 positions through time ( Figure 2E , red and blue for movie and posture tasks, respectively). Note 360 that the ellipses completely overlap throughout the first 200ms, and then begin to separate. 361
However, there is still considerable overlap in hand positions 500ms post-perturbation across 362 recording sessions. This could mean that there were sessions where the hand position in the 363 movie task was closer to the target than in the posture task. However, within a given session, 364
there was a consistent reduction in the behavioral response in the movie task as compared to the 365 posture task ( Figure 2E ; dashed lines connect corresponding average hand positions in each task 366 for 5 random sessions). In fact, in only 6 (of 129) sessions, the hand distance from the target 367 (500ms post-perturbation) was bigger in the posture task than the movie task.
When monkey P was anaesthetized, virtually no perturbation-related activity was 369 observed in the two limb muscles recorded during this procedure (data not shown). Hand motion 370 during the perturbation was greater than that observed during the posture or movie tasks ( Figure  371 2D). Hand distance from the central target 500ms following the perturbation was 5 ± 1.8cm 372 across load conditions ( Figure 3) . We quantified the distance between hand positions 500ms 373 post-perturbation for the posture and movie tasks relative to the position observed in the 374 anaesthetized state, which measured passive limb properties when there were no active 375 corrective responses. For the load combination displayed in Figure 2E , the distance of the hand 376 at 500ms post-perturbation between the movie task and anaesthetized state was 30% smaller than 377 the distance between the posture task and the anaesthetized state. Across all 8 load conditions, 378 the average drop in this distance was 42% ± 24% [Mean ± SD] for the movie task compared to 379 the posture task. 380 MUSCLE ACTIVITY. We recorded EMG from 3 to 6 proximal limb muscles in 18 sessions. 381
Thirty five samples were identified as good quality (score 3 or higher on subjective rating scale 382 out of 5) and had significant perturbation responses (p<0.05, Table 1 ; 16, 15 & 4 muscles in 383 monkey P, X and A, respectively). There was variability in each muscle's response to the 384 perturbation and how much it changed across the tasks. Some muscles displayed minimal 385 decreases during the movie task, whereas others displayed virtually no activity following the 386 perturbation in the movie task ( Figure 4A ). In fact, the majority of recorded muscles displayed a 387 significant decrease in perturbation-related activity (45-100ms post-perturbation) in the movie 388 task ( Figure 4B ,C). Twenty-seven muscles showed a significant change in perturbation activity 389 across tasks (p<0.05). Of these, 25 showed a decrease and only 2 showed an increase in the 390 movie task. On average, the perturbation evoked response (average activity 45-100ms post-391 perturbation minus baseline activity) dropped 65% across the two tasks (paired t-test, p=0.002, 392 df=34 & t=3.34). A similar reduction in perturbation-related muscle activity was observed for all 393 3 monkeys (54% drop in monkey P, 72% drop in monkey X and 53% drop in monkey A, paired 394 t-test, p<0.035 in all monkeys). 395
This variability in muscle response could reflect varying levels of a monkey's 396 engagement in response to the perturbation during the movie task. However, we did not find any 397 correlation between the reduction in EMG activity for the movie task and the magnitude of 398 motor load required to move the hand to the target prior to the perturbation (Pearson correlation coefficient=0.05, p=0.77 and Pearson correlation coefficient=0.11, p=0.52 for torques applied 400 on shoulder and elbow respectively), nor to the hand distance from the central target following 401 the perturbation (Pearson correlation coefficient=-0.02, p=0.89). For the two sessions in which 402 the EMG was significantly larger in the movie task, the hand distance was on average 2.5cm 403 farther from the target 500ms post-perturbation in the movie task as compared to the posture 404 task. 405
Muscle activity across tasks was not significantly different in the baseline period ( Figure  406 4C; -300-0ms, p=0.81, df=34 & t=0.23) or the R1 period (20-45ms post-perturbation, p=0.31, 407
df=34 & t=-1). The average muscle response to the perturbation only started 34ms post-408 perturbation (black arrow, Figure 4C ). The differentiation across tasks started 45ms post-409 perturbation (grey arrow, Figure 4D ) and all subsequent stretch response epochs (R2, R3 and 410 General neural findings 417 We recorded 161 neurons (86, 42 & 33 from monkey P, monkey X & monkey A 418 respectively) in M1 of 3 monkeys while performing the posture and movie tasks. Of these, 129 419 had a significant perturbation response in the posture task (50-100ms post-perturbation, two-420 sample t-test, p<0.05). Figure 5A Figure 6A displays the PTDs associated with the posture task). Figure 6B illustrates the 433 difference in the PTD across tasks. The average absolute change in PTD was 24.9 degrees. 434 However, we found no systematic change in PTDs for the posture and the movie tasks (average 435 PTD rotation= -4.9 degrees, Rayleigh test=0.86, p<0.001). 436
The majority of neurons (75/129) displayed a significant change in pre-perturbation 437 baseline activity between posture and movie tasks ( Figure 7A ; p<0.05, 39 and 36 higher in 438 posture and movie tasks, respectively). In the exemplar neuron in Figure 5A , baseline activity 439 100ms prior to the perturbation was slightly lower in the movie compared to the posture task 440 (18.1spikes/s versus 14.6spikes/s for posture and movie tasks, respectively; independent sample 441 t-test, p=0.03, df=178, t = 2.1). The average absolute change in baseline activity was 5spikes/s 442 between tasks, but there was no systematic shift in baseline activity across the population, 443 (14.6spikes/s in the posture task and 14.1spikes/s in the movie task, paired t-test, p=0.38, df=128 444 & t=0.88), reflecting that a similar number of cells increased versus decreased their baseline 445 activity from posture to movie task. 446
In general, perturbation evoked responses (average activity 50-100ms post-perturbation 447 minus baseline activity) were smaller in the movie task compared to the posture task ( Figure 7B ; 448 note the points lying beneath the unity line). In the exemplar cell in Figure 5A , the perturbation 449 response was significantly bigger in the posture task as compared to the movie task (81.5spikes/s 450 versus 37.9spikes/s for posture and movie tasks, respectively; independent sample t-test, p<0.01, 451 df=9, t = 3.1). However, the perturbation response was not always reduced to the same 452 magnitude across all cells. Figure 5C displays perturbation-related responses for three 453 representative neurons, highlighting that some neurons display similar perturbation responses 454 across the two tasks, whereas others lose all their response in the movie task. On average the 455 perturbation response dropped 31% in the movie as compared to the posture task (from 456 42.9spikes/s in the posture task to 29.5spikes/s in the movie task, paired t-test, p<0.001, df=128 457 & t=8.77). Similar results were observed for all 3 monkeys (35% drop in monkey P, 23% drop in 458 monkey X and 30% drop in monkey A, paired t-test, p<0.03 in all monkeys). Of the 70 neurons 459 that displayed a significant change in perturbation response across tasks (p<0.05), 63 displayed a 460 decrease and 7 an increase in the movie as compared to the posture task. 461
The size of the reduction in cell response across tasks was not correlated to the difference 462 in hand distance 500ms post-perturbation (Pearson correlation coefficient=-0.02, p=0.75). In 463 fact, even in the six sessions in which the hand was closer in the movie as compared to the 464 posture task, the neural activity decreased ~24spikes/s (ranging from 1.5 to 43.6spikes/s across 465 these sessions). 466 Figure 7C highlights that the magnitude of response modulation across tasks was 467 correlated with the size of the perturbation response observed in the posture task (Pearson 468 correlation coefficient=-0.45, p<0.001). However, this correlation partially reflects the fact that 469 cell discharge cannot go below zero spikes/s, minimizing potential task changes for cells with 470 smaller responses and low baseline activity. In some cases, cell activity decreased slightly from 471 its baseline levels in the movie task even though it increased its activity during the posture task 472 (data points below diagonal grey line). We found no correlation between changes in baseline 473 activity and changes in perturbation response across tasks ( Figure 7D , Pearson correlation 474 coefficient=-0.13, p=0.14). In addition, we found no systematic relationship between the hand 475 distance from centre before the perturbation in the movie task (as a measure of resistance against 476 servoing of the hand) and the amount the perturbation response was reduced from the posture to 477 the movie task (Pearson correlation coefficient=-0.1, p=0.25). In general, the load preference of 478 individual neurons did not influence changes in their activity across tasks (data not shown). 479
Task-independent and dependent neural responses 480 RESPONSE TIMING. Perturbation responses averaged across the 3 monkeys were first 481 observed at ~20ms (task-independent response, Figure 8A ; black arrow) and, across tasks, were 482 similar until 39ms (task-dependent response, Figure 8A ; grey arrow, the time differential signal 483 surpassed baseline activity + 3SD). At this point, the population signal was greater for the 484 posture task as compared to the movie task. The same pattern could be observed in each 485 individual monkey ( Figure 8B ). For individual monkeys, population response initiation occurred 486 at 20ms, 26ms & 26ms in monkey P, monkey X & monkey A, respectively (black arrows), and 487 population differentiation occurred at 39ms, 52ms & 44ms (grey arrows). Population signals for 488 the opposite load from the PTC displayed similar initial increases starting at 21ms. The population activity differentiated between the two tasks at a later time (46ms), though the 490 differentiation was fairly small and did not remain above threshold for significance for very long 491 (returning back to baseline ~55ms post-perturbation). Using an alternative technique (running t-492 test) to determine response timings, we found a similar pattern of results both for the population 493 (response initiation = 24ms and response differentiation time= 45ms) and the individual 494 monkeys (response initiation = 25ms, 42ms & 38ms and response differentiation time= 45ms 495 61ms & 48ms, for monkey P, X & A respectively). 496
Population signals, described above, were based on simply averaging cell discharge rates. 497
This approach means that cells with higher firing rates dominate the population signal. We 498 therefore repeated the analysis by normalizing each cell's activity to its maximum firing rate 499 before calculating the population signal. Effectively, the same pattern of response was observed 500 following this normalization, with the perturbation response starting at 24ms post-perturbation 501 and differences in the response across tasks starting at 41ms. Similar patterns were observed for 502 individual monkeys as well. Population response initiation occurred at 24ms, 28ms & 29ms in 503 monkey P, monkey X & monkey A, respectively, and population differentiation occurred at 504 40ms, 51ms & 45ms. 505
We further examined the properties of the initial task-independent perturbation responses. 506
Sixty-three cells showed a significant perturbation response within 15-40ms post-perturbation. 507
The magnitudes of these initial perturbation evoked responses were highly correlated across the 508 posture and movie tasks (Pearson correlation coefficient= 0.88, p<0.001). There was no 509 correlation between the difference in the initial responses across tasks (cell's mean response 20-510 35ms -baseline) and the corresponding change in baseline activity (Pearson correlation 511 coefficient= 0.07, p=0.57). We also did not find any significant correlation between the ratio of 512 the baseline activity for movie versus posture tasks and the corresponding ratio of the initial 513 perturbation response across tasks (Pearson correlation coefficient= -0.2, p=0.11). 514 TASK-DEPENDENT SIGNAL AND CELL ONSET TIME. Cells were divided into 4 groups 515 based on their perturbation onset times ( Figure 9A Cheney and Fetz 1980). However, it is notable that the late tonic activity in the posture task 520 (averaged over 100-120ms post-perturbation) was not significantly different across the four 521 groups (p=0.37, df=3, one way ANOVA, mean activity 100-120ms post-perturbation, was 69, 522 59.5, 52.7 & 57.2spikes/s for each group respectively). Nor was the change in the late tonic 523 activity between posture and movie tasks (p=0.59, df=3, one way ANOVA, mean differential 524 activity 100-120ms post-perturbation was 14, 15.8, 12 & 19.2spikes/s for each group 525 respectively). 526
We found an interesting relationship between the onset time of the perturbation response 527 and the time of differentiation across different groups. By definition, onset times increased 528 progressively across the four groups (20, 30, 36 & 51 post-perturbation, range=31ms). However, 529 the timing of the task-dependent signal displayed smaller shifts across groups (38, 37, 45 & 54 530 post-perturbation, range=16ms). It should be noted that as the individual baseline variability is 531 higher for a single cell, the time its activity passes the threshold is later compared to when it is 532 included in a group. Therefore, group response onset might effectively be faster than the mean of 533 all its individual cell onsets (e.g. response onset time in 41-50ms group being 36ms). 534
The black box for the entire population of cells in Figure 9B , highlights that perturbation 535 responses can be observed at ~20ms, whereas the task-dependent change occurs at ~40ms, as 536 shown in Figure 8A . The solid diagonal unity line demonstrates the hypothetical situation in 537 which perturbation responses and task-dependent changes occurred at the same time. The group 538 for neurons recruited late (50-100ms) is relatively close to this unity line denoting that task 539 effects are observed as soon as these neurons respond to the perturbation. On the other hand, the 540 earliest recruited group displays a ~20ms shift between the perturbation response onset and the 541 task-dependent response. The two intermediary cell groups show effects between these two 542 extremes. Essentially the same results were observed if the perturbation responses were 543 normalized (to the cell's peak activity) before generating the population signals. 544
Non-specific changes in perturbation response between repeated postural tasks 545
In total, 126 cells were examined twice in the posture task, of which 106 had a significant 546 perturbation response. The average absolute change in discharge rate during the baseline period 547 was 3.5spikes/s across repeated blocks of trials ( Figure 10A ). Of these, 44 neurons showed a 548 significant difference in their baseline activity, but there was no systematic shift in the population baseline activity across the repeated blocks ( Figure 10A ; average baseline activity for 550 the 1 st posture task=14.6spikes/s and the 2 nd posture task=15.5spikes/s, paired t-test, p=0.09, 551 df=105 & t=1.7). We found the absolute change in baseline activity between posture and movie 552 tasks to be bigger than the absolute change between repeated posture tasks ( Figure 10B ; two-553 sided Wilcoxon rank sum test, p=0.001). 554
Eighteen cells had significantly different perturbation responses across the repeated 555 posture tasks ( Figure 10C We calculated cumulative distributions for changes in initial and late perturbation 562 responses (20-35ms, Figure 11A , and 50-100ms, Figure 11B respectively) between posture and 563 movie tasks, and repeated posture tasks. There were no differences in the distributions of the 564 initial responses (K-S test, p=0.1). Further, the distribution of changes in the perturbation 565 response observed in the initial epoch between posture and movie tasks was not significantly 566 different than the distribution for differences immediately after the perturbation (K-S test, 0-567 15ms post-perturbation, p=0.51), nor even the epoch right before the perturbation occurred (K-S 568 test, -15-0ms pre-perturbation, p=0.11). In contrast, the distribution of changes in perturbation 569 responses for the late epoch was significantly greater between the posture and movie tasks as 570 compared to repeated posture tasks ( Figure 11B ; K-S test, p<0.001). 571 572
Discussion
573
Previous studies have illustrated perturbation responses in primary motor cortex (M1) are 574 influenced by the behavioral context, but that the initial response (20 to 40ms) to a mechanical 575 perturbation in M1 is relatively fixed for a given perturbation (Evarts and Tanji, 1976; 576 Pruszynski et al., 2011, 2014; see also Strick 1980 for a review). This invariant initial response to 577 mechanical perturbations may reflect a task-independent somatosensory signal transmitted to M1 578 neurons that must then be converted into the appropriate motor response (in M1 or elsewhere in motor circuits). Alternatively, the presence of an invariant initial response may simply reflect 580 that the monkeys were using sensory feedback for ongoing postural control. The methodologies 581 used in previous studies could not separate these two alternatives. The present study examined 582 how neural responses in M1 depend on whether or not the monkey was engaged in a limb motor 583 action. Mechanical perturbations were applied to the limb when the monkey was actively 584 engaged in maintaining its hand at a central target (posture task), and when it was not engaged in 585 a limb motor task (movie task). Corrective movements and corresponding muscle stretch 586 responses were both diminished in the latter task. In some neurons, perturbation responses in M1 587 displayed no change between the two tasks, whereas other neurons entirely lost their perturbation 588 response in the movie task. Overall, late M1 population activity in response to the mechanical 589 perturbation (50-100ms post-perturbation) was reduced by ~30% in the movie task. However, 590 the perturbation responses prior to 40ms remained insensitive to the ongoing motor behavior, 591
suggesting that the initial response reflects relatively task-independent somatosensory feedback 592 into M1. 593
Changing ongoing behavior to observe its influence on perturbation responses 594 Our objective was to quantify perturbation responses when the monkeys were engaged or 595 not in an ongoing motor behavior. One option would be to examine neural responses when the 596 monkey was anaesthetized. However, anesthetics affect sensory processing (Fontanini and Katz 597 2008) in a way which would limit our ability to compare neural responses when the monkey is 598 engaged in a motor behavior versus not. Alternatively, we could have rewarded the monkeys to 599 not respond to the perturbation. However, direct rewarding for not responding would in itself be 600 a behavior that could confound the results in an unknown way (i.e. the monkeys could learn to 601 actively suppress sensory feedback). 602
Our approach was to compare perturbation responses when the monkeys had to maintain 603 active postural control at a spatial target to receive a water reward (posture task) versus 604 responses when the monkeys were not required to maintain their hand at a spatial target, nor 605 respond to the perturbation to receive water reward (movie task). Our expectation was that the 606 monkeys' response to the perturbation would be reduced in the latter task. A movie was 607 presented to distract the monkeys with an oculomotor task, with the objective of minimizing the 608 monkeys' interest to respond to the perturbation.
Although we had no direct way of evaluating the level of the monkeys' engagement in the 610 movie task, changes in behavioral corrective responses suggest that we were at least partially 611 successful in reducing motor responses to the perturbation. The monkeys returned their hand to 612 the central target within 500-600ms following the perturbation in the posture task, whereas the 613 hand remained outside the target in the movie task. At 500ms post-perturbation, the hand was 614 ~8mm and ~30mm away from the centre of the target for the posture and movie tasks, 615 respectively. Importantly, muscle perturbation responses between 45 and 100ms were ~65% less, 616 on average, in the movie task as compared to those in the posture task. 617
The amount of hand motion and the distance returned to the target 500ms post-618 perturbation varied substantially across load conditions (Figure 3 ). There are likely several 619 factors that influence the size of these responses across load conditions. Most notably, the 620 passive properties of the arm are anisotropic (including visco-elastic forces caused by the soft 621 tissue and limb inertia, see McIntyre et al. 1996; Mussa-Ivaldi et al. 1985) . This influences how 622 far the arm is moved by the loads, how much it returns, and in some cases, generates curvatures 623 in hand trajectories from loading to unloading. It is notable that the elbow loads have the least 624 amount of curvature and may explain why the arm returns rapidly to the target in both tasks. 625
Three factors could possibly contribute to the partial return of the hand following the 626 perturbations during the movie task. First, the monkeys may still have voluntarily responded, to 627 some degree, to the perturbation in the movie task. Second, the monkeys may not have 628 responded voluntarily, but spinal and supraspinal reflexes may have remained active. Third, 629 passive viscoelastic properties of the limb will tend to return the limb towards the central target 630 when the load is removed (Graham et al. 2003) . 631
In order to explore the contributions from the first two neural factors, we repeated the 632 movie task in monkey P when it was in an anesthetized state. No perturbation-related activity 633 was observed in the limb muscles, suggesting that voluntary movements and spinal reflexes were 634 not present. Even in this state, there was partial return of the limb towards the central target due 635 to passive limb properties. For comparison sake, we will assume that the response observed in 636 the anesthetized state reflects 0% effort and the response observed in the postural perturbation 637 response reflects 100% effort. Relative to these, the behavioral response in the movie task would 638 represent 47% of the effort exerted during the postural perturbation task. Admittedly, hand motion in the anaesthetized state may have been influenced by changes in the body posture in the 640 chair (as readily observed in monkey A) so some caution is required in these estimates of effort. 641
Alternatively, EMG measures displayed a 68% drop in activity from posture to movie tasks. 642
Thus, corrective responses to the perturbation appear to be reduced 50-70% during the movie 643 task as compared to the posture task. 644
One potential concern was that the perturbations would elicit different initial limb 645 motions between the tasks and thus influence sensory input to the brain. However, we found 646 hand and joint motions to be essentially identical for the first 100ms following the perturbation. 647 This is probably because very little EMG activity was necessary to maintain the hand at the 648 central target (Graham et al., 2003) . Even if there was some small difference that we could not 649 measure, small changes in muscle activity have a modest effect on initial limb motion following . In our task, we also found that baseline activity prior to the 657 perturbation was commonly altered between the two behavioral contexts, with increases in 658 baseline activity almost as prevalent as decreases in the movie as compared to the postural task. 659
Interestingly, the population activity before the perturbation was virtually the same across tasks. 660
Thus, engagement in a motor task does not necessarily generate an overall increase in motor 661 cortex activity. Rather, engagement seems to cause a reorganization of the pattern of activity 662 across the neural population (See Afshar et al. 2011). 663 Not all changes in baseline activity may reflect task-dependent changes in neural 664 processing. Some change in baseline activity could be observed even when repeating the same 665 posture task. Of the 106 cells with repeated posture tasks and a significant perturbation response, 666 36 had significant changes in baseline activity ( Figure 10A ). The absolute change in baseline 667 activity was 5spikes/s between posture and movie tasks, whereas it was 3.5spikes/s across 668 repeated posture tasks. Changes in baseline activity between the two tasks (posture vs. movie) were statistically larger than that observed for repeated posture tasks. Scott and Kalaska (1997) 670 found 14% of neurons displayed changes in activity across repeated tasks, slightly less than the 671 proportion identified in the present study. These temporal effects may reflect altered attention to 672 the task during the recording session. On the other hand, changes in baseline activity might 673 indicate different equilibrium points in the network activity, all generating the same network 674 output (i.e. redundancy in network activity, Kaufman et al. 2013 Kaufman et al. , 2014 . 675
Task-independent response in M1 to mechanical perturbations 676
A key observation from Evarts and Tanji (1976) was that the initial perturbation response 677 in M1 was largely fixed and not sensitive to the instruction to push or pull a lever following the 678 perturbation (See also Pruszynski et al., 2011 Pruszynski et al., , 2014 . The focus of our study was to identify 679 whether this invariant initial response was related to the monkey being actively engaged in 680 maintaining the hand at a location in space before the perturbation was applied. We tried to make 681 sure the sensory feedback had no relevance for the ongoing behavior (watching a movie) and yet 682 this invariant response was still evident between ~20 to 40ms. We found some individual cells 683 with significant differences in activity in this early epoch across tasks, but similar changes could 684 also be observed in the late baseline activity (15ms prior to perturbation), and right after the 685 perturbation when virtually no response should be observed (0-15ms, Figure 10A ). Thus, the 686 invariant initial response observed in our task appears to reflect a task-independent sensory 687 response rather than ongoing control of behavior. 688
In some ways it is surprising that sensory feedback in M1 would remain similar whether 689 the monkey was engaged or not in a motor task, given the many levels where sensory signals 690 could be altered from the periphery to M1. First, the feedback could change at the periphery 691 based on the behavioral task (Loeb 1985) . For instance, previous work has shown spindle 692 activity and its sensitivity is altered when a cat switches from lying down and resting, to standing 693 still, versus walking (Prochazka et al. 1977) . Second, proprioceptive feedback could be altered 694 centrally, notably in the cuneate nucleus or primary somatosensory cortex, the likely sources of 695 initial sensory input to primary motor cortex. Perturbation responses arrive in M1 in just a few 696 milliseconds after they arrive in primary somatosensory cortex (at ~20ms, Evarts 1973; Fromm 697 and Evarts 1982). Therefore, any peripheral or central change in this sensory pathway should be 698 reflected in the initial perturbation response. This does not mean that changes in gamma drive (Hammond 1956) or central processing could not happen across tasks, as previously suggested. 700
Rather, it suggests that such alterations did not occur across our posture and movie tasks. 701
Our observation of no interaction between changes in baseline activity of the cells and the 702 initial perturbation response has implications for various hypotheses on integration of sensory 703 feedback with ongoing neural processing. For instance, the evoked response could be scaled by 704 the baseline activity; if the baseline was doubled in one task, the evoked response would double 705 as well (Polack et al. 2013 ). However, we found no significant correlation between the ratio of 706 change in baseline activities and that of the evoked responses across tasks. A second possibility 707 is that the evoked response could remove any influence of the previous baseline activity. Thus, 708 the magnitude of the observed cell activity would always be identical, irrespective of the baseline 709 activity (He 2013). Therefore, the absolute firing rate of the neurons would always be the same, 710 falsely making the baseline activity and the evoked response anti-correlated; if the baseline gets 711 bigger, the evoked response gets smaller, and vice versa. However, there was no correlation 712 between the change in baseline activity and the change in initial perturbation response across 713 tasks. Instead, our analysis did show that the size of the initial evoked responses was highly 714 correlated across tasks highlighting that sensory input remains relatively constant (Azouz and 715
Gray 1999). 716
The EMG activity was also not initially altered across tasks (34-45ms post-perturbation). 717
Given the fact that the fastest transduction time between M1 activity and muscle responses is 718 ~10ms (Bawa and Lemon 1993; Cheney and Fetz 1980, 1984) , M1 could potentially contribute 719 to EMG responses in as little as 30-35ms in our tasks. Such descending signals would initially 720 contribute to the task-independent EMG response, and then later contribute to task-dependent 721 EMG response starting at 45-50ms post-perturbation. 722
Nevertheless, we observed initial perturbation responses for M1 neurons in the non-PTC 723 direction ( Figure 8A, lower panel) , which is not observed for EMG responses in proximal limb 724 muscles (for example, see ). Therefore, further examination is required to identify whether the early task-independent 729 responses in the EMG reflect cortical as well as spinal processing. 730
Task-dependent changes in perturbation responses in M1
731 While perturbation responses in M1 dropped by 30% in the movie task, it is possible that 732 these responses could be reduced even further. As discussed above, our analysis of motor 733 responses compared to the anaesthetized state suggest that motor responses in the movie task 734 were reduced ~50% relative to the posture task. The remaining 50% (i.e. the difference between 735 the movie task versus the anaesthetized state) might indicate some degree of voluntary response 736 even in the movie task. activity, it is more complicated to estimate its contribution in later epochs when transcortical 745 responses likely have a substantial contribution. As well, transcortical feedback may still 746 contribute to EMG activity even if the monkey is not voluntarily responding. We found a 747 proportion of neurons that did not change their perturbation response between the posture and 748 movie tasks. Thus, there may be an invariant transcortical response that begins at 20ms and 749 continues beyond 40ms during the movie task. This invariant response may be suppressed 750 through voluntary control when behaviorally required, although likely only after 40ms. 751
Our population signal included a task-independent response starting at 20ms followed by 752 a task-dependent response at 40ms. We were interested to know if this basic pattern, task-753 independent response followed by a delayed task-dependent response (dashed line in Figure 9B ), 754 occurred in all neurons, or just in neurons that responded early to the perturbation. Figure 9  755 shows that only neurons responding before 40ms tended to show an initial task-independent 756 response. Neurons recruited after 40ms tend to immediately show task-dependent changes.
It remains an open question as to how the task-dependent modulation is generated in the 758 brain. It may be generated within M1, taking M1 20ms to process the sensory information to 759 generate the task-dependent signal. Alternatively, there might be different sources of feedback to 760 M1 with different time delays and summing in M1 to form its activity; one driving the task-761 independent response and the other driving the task-dependent response. Most likely the initial 762 task-independent response is produced by S1, given its rapid onset. If the task-dependent 763 response is not generated in M1, there are a number of cortical (e.g. posterior parietal area; 764 and/or elbow loads applied to the arm in each trial. B: In the posture task, the monkey started 963 each trial by placing the hand cursor and maintaining it within the target's acceptable window 964 (light grey circle). Following a random time interval (1-1.5 seconds) the limb was perturbed with 965 one of the 9 mechanical loads depicted in A. The monkeys were trained to bring their hands back 966 to the target window within 750ms and maintain it there for 1000ms (Solid black line illustrates a 967 sample hand path in response to the perturbation). C: In the movie task, all task related visual 968 feedback (i.e. target position and hand position) was replaced by a movie. At the beginning of 969 each trial, the robot moved the hand to the central position. Following a random time interval (1-970 2 seconds), the hand was perturbed using the same 9 load combinations as in the posture task. 971
The "American Pie" picture is reproduced with permission from Universal Studios. 972 
